Tetragonal BiFeO 3 films with the thickness of 30 nm were grown epitaxially on (001) oriented LaAlO 3 substrate by using pulsed laser deposition (PLD). The transverse photovoltaic effects were studied as a function of the sample directions in-plane as well as the angle between the linearly polarized light and the plane of the sample along X and Y directions. The absorption onset and the direct band gap are ~2.25 and ~2.52 eV, respectively. The photocurrent depends not only on the sample directions in-plane but also on the angle between the linearly polarized light and the plane of the sample along X and Y directions. The results indicate that the bulk photovoltaic effect together with the depolarization field was ascribed to this phenomenon. Detailed analysis presents that the polarization direction is along [110] direction and this depolarization field induced photocurrent is equal to ~3.53 μA/cm 2 . The BPV induced photocurrent can be approximate described as Jx ≈ 2.23cos(2θ), such an angular dependence of photocurrent is produced as a consequence of asymmetric microscopic processes of carriers such as excitation and recombination.
Introduction
Driven by the energy crisis all over the world, more and more researchers have begun to investigate a broad spectrum of candidate materials for thin-film photovoltaic cells as a renewable energy production [1] [2] [3] . Among them, ferroelectric photovoltaic effect has been received considerable attention in the past few years because of its potential application in optoelectronics, information storage and energy conversion [4, 5] . However, different mechanisms have been proposed to explain experimental observations in the literature, such as the depolarization field effect [6] [7] [8] , interface effect [9] , domain theories [10] , or spin polarization [11] . It is worth mentioning that bulk photovoltaic effect (BPVE) is another primary mechanism, which was discovered in noncentrosymmetric ferroelectrics several decades ago. It is often suggested that different from p-n junction based systems, BPVE does not require an asymmetric interface, especially its photovoltage is not limited by the band gap of the material, which can reach 10 3 V/cm or more and it is called anomalous photovoltaic effect [12] [13] [14] . All of the various ferroelectric materials, BiFeO 3 (BFO) is of particular interest because of its robust ferroelectricity, room temperature coexistence of ferroelectric and antiferromagnetic orders and the possible magnetoelectric couple effect. More important, the band gap of BFO (~2.7 eV) is smaller than many other ferroelectric materials (more than 3 eV), making it become a more suitable candidate materials for the next generational thin-film photovoltaic cells. Apart from the fundamental research on its ferroelectric properties, the photovoltaic effect of BFO has been reported in ceramics, nanowires, single crystals and highly oriented films [15] [16] [17] . However, in all of these studies, BFO is a rhombohedrally distorted perovskite [18] belonging to the R3c space group, each Fe ions, although the distortion along [111] yields a quasioctahedral arrangement [19] . Since its photovoltaic tensor have a nonzero G 22 component, photocurrent should exist in the direction perpendicular to the ferroelectric polarization [20] . Recently, first-principles calculations predicted that a metal stable tetragonal (T) phase with a giant axial ratio (~1.27) and an extremely large spontaneous polarization of P ~ 150 μC/cm 2 can be achieved in BFO under a compressive strain [19] , which were confirmed by several experiments [21] [22] [23] . Besides, the first principles theoretical calculations predict a smaller band gap in tetragonal BFO than in rhombohedral one [19] . Therefore, it is a great importance to research the photovoltaic effects due to its smaller band gap and more larger polarization as well as its special directions. In this letter, we report on photovoltaic devices based on tetragonal BFO thin films that demonstrate bulk photovoltaic effect and represent an interesting alternative material class for study of mechanism of photovoltaic effect and in pursuit of energy related applications.
Experimental process
Tetragonal phase BiFeO 3 (T-BFO) films of ~30 nm thickness were fabricated epitaxially by pulsed laser deposition (PLD) technique on (001)-oriented LaAlO 3 . In this experimental process, KrF excimer laser with the wavelength of 248 nm was used for deposition, the deposition frequency is 3 Hz with an energy of about 240 mJ. The substrate was kept at 650°C with 11 Pa of oxygen atmosphere. In the course of deposition, the substrate holder was still rotated with the speed of 360°/min so that the thickness variation of the film can be reduced and the uniform composition of the film can be obtained as much as possible. Followed the deposition, oxygen stoichiometric T-BFO films were in situ annealed in 500 Pa oxygen pressure and cooled slowly down at 5°C/min to room temperatures to avoid the effect of deficient oxygen. Structural characterization was performed using X-ray diffraction (XRD), using M/s Bruker make D8-Discover system. Room temperature transmittance and reflectance spectra were collected by using a Perkin-Elmer Lambda-900 spectrometer (with the energy of 0.41-6.53 eV). For the conductive characteristics measurements, platinum electrodes of 200 μm length and interelectrode distances of 20 μm were fabricated by sputter deposition using conventional photolithography and lift-off technique. The photoelectric effect was measured by illuminating the gap between the electrodes with a λ ≈ 405 nm (E ≈ 3.06 eV) laser (Newport LQA405-85E) with a maximum power of 80 mW for the illumination, yielding the incident light power density on the sample surface up to 0.8 W/cm 2 and simultaneously measuring the photocurrent using a high-input impedance electrometer (Keithley 6517). Figure 1(a) shows the results of the X-ray diffraction θ-2θ scans of the T-BFO deposited on (001) LAO substrates. Only peaks corresponding to (00l) reflections of BFO and those from the substrate are seen, indicating the epitaxial growth of the films. The out-of-plane lattice parameter c calculated from the (00l) peaks is estimated to be ~4.67 Å, which is larger than that of rhombohedral BFO reported [14] [15] [16] . The larger lattice parameter c of T-BFO means that it is stabilized by a large compressive strain. The reciprocal-space map of BFO films indicates that the in plane parameter of BFO is very close to that of LAO, i.e., a ~ 3.79 Å and the BFO film with an out-of-plane lattice parameter of 4.67 Å were detected, indicating that the film is pure tetragonal-like. This corresponds to c/a ~ 1.27 for BFO in the sample. Figure 1(b) shows the topography of the corresponding film. The AFM image reveals a smooth surface morphology with a surface roughness of ~0.5 nm. In order to research the polarization direction, the planar Pt electrodes were patterned on the films to directly measure the in-plane P-E loops.
Results and discussion
As shown schematically in Figure 1 , respectively, consistent with previous study [24] . This different polarization in various directions should be attributed to the different polarization component. Besides, the coercive field along [110] is larger than that of [100] directions, this may be that the polarization in the [110] direction is more stable and domains wall pinning effect and grain boundary along different directions. It is noteworthy that the coercive field (E c ) along [110] is asymmetric in positive and negative position, which may be due to a residual strain in the crystal or might be the different internal field in each interface. The in-plane measure structure can be used to investigate the in-plane photovoltaic effect and strain effect of ferroelectric and multiferroic films.
The transmission spectrum of the samples were displayed in Figure 2(a) , the direct band gap is extracted by a linear extrapolation of an (α.E) 2 ~ E plot to zero, as shown in inset of
Figure 2(a).
It is clear that the band gap in tetragonal BiFeO 3 is 2.52 eV, which is 0.13 eV smaller than that in rhombohedral BiFeO 3 (2.68 eV). This result is mainly consistent with the results from the theoretical calculations [19] . We have performed detailed photoelectric investigations on BFO epitaxial thin films with T-Phase to get a better insight into the actual mechanism of ferroelectric photovoltaic effect. Pt in-plane electrodes with a gap of 20 μm were patterned by a standard photolithography process. The x axis is along the [100] direction and y axes is parallel to the [010] direction while z is perpendicular to both the y and x axes, To measure the photovoltaic effect of T-BFO films, we illuminated the gap areas between the top Pt electrodes, unwanted light illumination on the surfaces was avoided by covering with black tape. In the process of measuring the photovoltaic effect, the central electrode was connected with the negative side of source meter (Keithley 6517) and the outer electrodes were linked to the positive one. The photocurrent density J was determined using J = I/(d.t), where I is the measured short-circuit current voltage, d is the channel width and t is the film thickness, J [hkl] denotes the current flows along [hkl] direction, as shown in Figure 2 Figure 1(d) . From the P-E curves we can find that the polarization along (110) direction is larger than that of (001) and (010) directions, therefore we suppose that the component of polarization in the x-y plane should lie along the (110) direction. It was reported that photocurrent can be tuned by the depolarization field, i.e., different polarization will induce unlike photocurrent. Because the polarization along (110) direction is larger than that of (001) and (010) directions, thus, the depolarization filed along (110) direction is larger than that of (001) and (010) directions and so does the photocurrent. This result presents a evident influence of depolarization field on the transverse photovoltaic effects. To prove this viewpoint, we have reversed the polarization along the [100] and [110] directions to check the polarization dependence of photovoltaic effect. Both the photocurrent along [100] and [110] directions decrease after polarization switching, as shown in Figure 3(b) . This decreased photocurrent indicates that the photocurrent is at least composed of two parts, one is the contribution of depolarization field, another one will be discussed later. In order to elucidate the crystallographic direction and polarization dependence of photocurrent, we measured the PV current by changing the angle between the [100] direction and the direction of current flow (x direction), i.e., measure the photocurrent and polarization along different directions, as shown in Figure 3(c) and (d) . We find that both the photocurrent and polarization along different directions show fluctuation behavior, more importantly than all of that, the absolute values of polarization along x and y axes are smaller than in other directions, while the photocurrent is a local maximum (~2.2 μA/cm 2 ) parallel or antiparallel to [110] direction while the minimal value can be obtained when measured along [-110] or [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] directions. These results suggest that the different values of photocurrent along different crystallographic direction can be attributed to the inequality depolarization field and the minimum photocurrent occurs when it is perpendicular to the polarization directions. However, we found that the angular dependence of polarizations shows obvious difference from that of photocurrent, indicating that the photocurrent is not entirely decided by polarization, which presents typical bulk effect. Therefore, our results mentioned above cannot be explained by the depolarization field effect simply. Such a crystallographic direction dependence can be described in the framework of the bulk photovoltaic (BPV) theory, where the photocurrent is produced as a consequence of asymmetric microscopic processes such as excitation and recombination of photon induced electrons and holes [25, 26] . According to this theory, the dependence of the photocurrent on the polarization orientation of incident light can be expressed by a bulk photovoltaic tensor. The BPV effect has been studied extensively, it is assumed that the photocurrent in non-centrosymmetric ferroelectrics materials depends on the orientation of the crystal with respect to the projections of the electric field of the linearly polarized light onto the plane of the sample along X and Y directions [26] , when the light propagating along Z direction, the photocurrent generated along X and Y directions with can be expressed by [26] [27] [28] .
( 1) where I, β 22 and θ are the intensity of light, bulk photovoltaic tensor coefficient and the angle between the plane of the linearly polarized light and X direction.
In order to prove the existence of the BPV in our films, we measured the photo current for T-BFO films by changing the angle between the plane of the linearly polarized light and the direction of current flow (x direction). The schematic diagram of the experimental configuration was given in Figure 4 (a). The photo current was measured with the negative electrode connected with point "0", i.e., the central electrode and the positive electrode connected with outer electrodes. θ is defined as the angle between the linearly polarized light and the plane of the sample along x axes, i.e., the [100] direction. The photocurrent densities along and perpendicular [110] direction were measured at different polarizer angles for the samples, which is presented in Figure 4 . It is clearly that the photocurrent exhibits definitive angular dependency, however, the magnitude and signs of the photocurrent varied with directions, i.e., the photocurrent is relatively smaller and the sign changes with angle when it perpendicular the [110] direction (that is, along [-110] or [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] directions), while it is larger and it is always a positive value since it is along [110] and [-1-10] directions. This result demonstrates that excepted for the BPV, other factors such as interfacial barrier, domain walls, depolarization field, as well as a misalignment between the light direction and the sample surface can contribute to the photocurrent. As a consequence, a constant current J 0 should be introduced to Eq. (1), which can be expressed as:
For the above four directions, the results can be fitted very well to a cosine function. The fitting function is for the four directions as follows: directions, respectively. We argue that this different positive and negative constant current can be attributed to the depolarization field effect, different direction of depolarization field will lead to different photocurrent because the photocurrent is opposite to that of polarization direction according to depolarization theory [13] . Nonetheless, we note that the compensated angle θ is near the same and is very closer to zero, this very small compensated angle may be a result of the misalignment between the light beam direction and the normal to the sample surface while the constant current J 0 parallel to the [110] and [-1-10] directions should have been ascribed to the depolarization or the asymmetry interface barriers between the internal electrode and outer electrode. Combined the results of Figures 3 and 4 with Figure 1( ). The BPV induced photocurrent can be approximate described as Jx ≈ 2.23cos(2θ), such an angular dependence of photocurrent is produced as a consequence of asymmetric microscopic processes of carriers such as excitation and recombination [5] .
Conclusions
Tetragonal BiFeO 3 films with the thickness of 30 nm were grown epitaxially on (001) oriented LaAlO 3 substrate by using pulsed laser deposition (PLD) and the photovoltaic effect of tetragonal BiFeO 3 along different crystallographic direction with in plane symmetric electrodes was investigated, the absorption onset and the direct band gap are ~2.25 and ~2.52 eV, respectively. The photocurrent exhibits definitive angular and direction dependency, indicating obvious bulk photovoltaic effect and depolarization field effect. The photocurrent depends not only on the sample directions in-plane but also on the angle between the linearly polarized light and the plane of the sample along X and Y directions. The polarization direction is along [110] direction and the photocurrent induced by this depolarization field is as large as ~3.53 μA/cm 2 , while the BPV induced photocurrent can be described as Jx ≈ 2.23cos(2θ), such an angular dependence of photocurrent is produced as a consequence of asymmetric microscopic processes of carriers such as excitation and recombination. These results indicate that the BPV and depolarization field effect in tetragonal BiFeO 3 thin films could be further explored for the next generation of solar photovoltaic applications.
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